Introduction
The retromer complex was originally identified in yeast where it regulates retrograde endosome-to-Golgi transport of the vacuolar protein sorting receptor Vps10p (Seaman et al., 1997; Seaman et al., 1998) . This multi-protein complex consists of two subcomplexes. One subcomplex comprises the sorting nexins Vps5p and Vps17p, which form a membrane-bound coat (Seaman et al., 1998; Seaman and Williams, 2002) . The second subcomplex is composed of Vps26p, Vps29p and Vps35p (Seaman et al., 1997; Reddy and Seaman, 2001) , and is cargo-selective because Vps35p associates with the cytosolic region of Vps10p (Nothwehr et al., 2000; Burda et al., 2002) . The retromer complex is highly conserved, and homologs have been identified in a number of organisms, including S. pombe, C. elegans, Drosophila, plants and mammals, suggesting a fundamental and conserved function for this complex in retrograde transport (Kurten et al., 1996; Haft et al., 2000; Iwaki et al., 2006; Jaillais et al., 2006; Oliviusson et al., 2006; Prasad and Clark, 2006; Shimada et al., 2006) and reviewed in Seaman (Seaman, 2005) .
For the mammalian retromer complex, homologs of all yeast proteins have been identified, with the possible exception of Vps17p (Haft et al., 2000) . A recent study identified the cationindependent mannose 6-phosphate receptor (CI-MPR) as cargo for the retromer, because it directly binds to VPS35 (Arighi et al., 2004) . Independent studies have established that small interfering RNA (siRNA)-mediated suppression of not only individual components of the VPS26-VPS29-VPS35 subcomplex, but also the Vps5p homolog sorting nexin-1 (SNX1) perturbs retrograde endosome-to-TGN transport of the CI-MPR (Arighi et al., 2004; Seaman, 2004; Carlton et al., 2004) . In mammalian cells, the CI-MPR performs an equivalent role to yeast Vps10p in the transport of lysosomal hydrolases and, thus, such data argue for an evolutionarily conserved role of the retromer in regulating retrograde endosome-to-Golgi transport.
In addition to the retromer, a variety of other proteins appears to play important roles in retrograde endosome-to-TGN transport. This includes phosphofurin acidic-clustersorting protein 1 (PACS1), a protein that has been shown to mediate endosome-to-TGN retrieval of the CI-MPR by forming a complex with the clathrin adaptors AP1 and GGA3, and also casein kinase 2 (Wan et al., 1998; Meyer et al., 2000; Crump et al., 2001; Scott et al., 2003; Scott et al., 2006) . Furthermore, a Rab9-TIP47 complex has been shown to regulate retrieval of the CI-MPR from late endosomes to thecomplexes underscores the high complexity and need for tight regulation of the endosome-to-TGN itinerary as, indeed, in addition to the CI-MPR, a wide range of other cargo molecules are transported on this retrograde itinerary (Bonifacino and Rojas, 2006) . This range includes transmembrane proteins such as sortilin, TGN38/46 and furin and, of particular relevance for the present study, the bacterial exotoxins produced by Shigella dysenteriae and Vibrio cholerae (Shiga toxin and cholera toxin, respectively).
Shiga and cholera toxins are both AB 5 -type toxins, consisting of an enzymatically active A subunit, and a pentamer of B subunits that directs the association of the toxin with the cell surface (Sandvig and van Deurs, 2005; Johannes and Decaudin, 2005) . In case of Shiga toxin, the B subunits bind to the glycosphingolipid globotriaosylceramide (Gb3) (Jacewicz et al., 1986) , whereas the cholera toxin B subunits show high affinity for the ganglioside GM1 (Fishman et al., 1976) . Once associated with their respective cell-surface receptors, each toxin is endocytosed via clathrindependent and -independent mechanisms (Sandvig and van Deurs, 2002; Sandvig and van Deurs, 2005) . Following internalization into the endosomal network, the respective toxin bypasses recycling and degradative pathways (Mallard et al., 1998) and undergoes retrograde transport, initially from endosomes into the Golgi complex and then on to the endoplasmic reticulum before finally being retro-translocated into the cytosol (Sandvig and van Deurs, 2005; Spooner et al., 2006) .
In the case of Shiga toxin, retrograde endosome-to-TGN transport appears to require a multitude of structural and coat proteins, including clathrin and its adaptor epsinR (Lauvrak et al., 2004; Saint-Pol et al., 2004) , the large GTPase dynamin (Lauvrak et al., 2004) and Rab6AЈ (Mallard et al., 2002; Del Nery et al., 2006) . Furthermore, components of the fusion machinery on the TGN side, including golgin-97 and tGolgin-1 Yoshino et al., 2005) , and two different SNARE complexes containing syntaxin 5 and syntaxin 16 (Mallard et al., 2002; Tai et al., 2004; Amessou et al., 2007) have been shown to be essential. By contrast, retrograde transport of cholera toxin is less well understood, although it has been proposed that both toxins enter the Golgi complex via the same transport intermediates (Nichols et al., 2001) .
With an emerging role for the retromer in endosome-to-TGN transport, an important question is how this pathway relates to other, paralleled endosome-to-TGN retrograde itineraries. In this study, we have begun to address this question by examining the role of SNX1 and sorting nexin-2 (SNX2), a proposed functional analog of Vps17p, in retrograde transport of Shiga and cholera toxin. By using siRNA-mediated silencing combined with single-cell fluorescent-toxin-uptake assays and well-established biochemical assays to analyze toxin delivery to the TGN, we present data that establishes a role of SNX1 in endosome-to-TGN transport of Shiga toxin Bsubunit, whereas, in our assays, involvement of SNX2 was a less prominent. In addition, we show that the retrograde transport of cholera toxin B-subunit is less reliant upon SNX1. These results clearly highlight the existence of a fundamental difference between the sorting mechanisms for Shiga toxin compared with those for cholera toxin into this retrograde pathway.
Results
Following endocytosis, Shiga toxin is transported via SNX1-labeled early endosomes to the TGN Previous work has established that endogenous SNX1 preferentially associates with highly curved membrane surfaces of early endosomes. This association is mediated through the combined action of its phosphatidylinositol-3-monophosphate-binding phagocyte oxidase (phox) homology (PX) domain and its C-terminal Bin-amphiphysin-Rvs (BAR) domain (Carlton et al., 2004) . To examine whether internalized Shiga toxin was transported through the SNX1-positive early endosome to the TGN, we performed an immunofluorescencebased toxin-uptake assay. For this, HeLa cells were surfacelabeled with FITC-conjugated Shiga toxin B-subunit (FITCSTxB) at 4°C. After extensive washes to remove all unbound toxin, cells were warmed to 37°C and fixed at various time points before visualizing the degree of colocalization with endogenous SNX1 by immunofluorescence labeling. This assay revealed that the toxin initially had labeled the cell surface and then, after 10 minutes, underwent internalization (Fig. 1A,B) . The FITC-STxB punctae colocalized well with SNX1-positive peripheral vesicular and tubular profiles, but especially with SNX1-labeled structures in the juxtanuclear area (Fig. 1B) . We noticed that although most (69.1%) SNX1-positive structures were FITC-STxB-positive (481 structures out of 696 SNX1-positive vesicles for the example shown), only 33.3% of all FITC-STxB punctae were SNX1-positive (481 out of 1445). When incubated at 19.5°C for 1 hour, the toxin could be 'trapped' successfully in SNX1-positive structures (Fig. 1C) , because incubation at this temperature still allows for successful internalization into endosomes but has been shown to block endosome-to-TGN trafficking of the toxin (Mallard et al., 1998) . Again, not all (40%) STxB-positive structures were labeled for SNX1 (851 out of 2100 FITCSTxB-decorated structures positive for SNX1). Under these non-permissive conditions, markedly fewer cells showed the previously observed clustering of SNX1-positive endosomes at the juxtanuclear area. Under permissive conditions (37°C), the degree of colocalization with SNX1 on more peripheral punctae decreased with time ( Fig. 1D-F) , whereas SNX1-labeled structures in the perinuclear area still colocalized with the toxin. At these time points, FITC-STxB became progressively enriched in the juxtanuclear area where it colocalized with TGN46, a well-established marker protein of the TGN (Fig. 1F) . Taken together, these data establish that, after internalization, the Shiga toxin B-subunit is partially delivered to and transported via SNX1-positive early endosomes prior to its enrichment at the TGN.
Suppression of SNX1 by RNA interference perturbs retrograde early-endosome-to-TGN transport of Shiga toxin B-subunit To define the function of SNX1 in early endosome-to-TGN transport of Shiga toxin, we employed RNA interference (RNAi) to suppress expression of SNX1 using a previously characterized SNX1-specific siRNA (Carlton et al., 2004) and again performed the previously described immunofluorescence toxin-uptake experiments. Importantly, we found that FITCSTxB labeled the cell surface in SNX1-suppressed HeLa cells to the same extent as in control cells ( Fig. 2A) . However, in stark contrast to control cells, where the toxin began to display enrichment at the juxtanuclear region after 30 minutes, in SNX1-suppressed cells the toxin remained predominantly associated with more peripheral structures (Fig. 2B) . This difference in Shiga toxin transport was even more evident when examined at later time points. After a 60-minute incubation, the toxin displayed a compact juxtanuclear accumulation at the TGN in control cells, whereas in SNX1-suppressed cells -even after 120 minutes -FITC-STxB exhibited still a more Journal of Cell Science 120 (12) dispersed peripheral localization, with only slight perinuclear enrichment (Fig. 2C,D) .
To quantify these data, we initially employed a strategy where we inspected the localization of FITC-STxB in individual cells within a population and scored the frequency at which we observed the appearance of two distinct morphologies, being either a tight TGN-like juxtanuclear stain or a more dispersed peripheral appearance (Fig. 3A,B) . This type of 'analog analysis' revealed that, after 30 minutes, 55% of control cells showed a clear TGN-like enrichment of the STxB, whereas only 33% of SNX1-suppressed cells displayed this phenotype (Fig. 3C ). To further examine the effect of SNX1 on the kinetics of STxB delivery to the TGN, we extended this analysis by scoring the FITC-STxB distribution in control and SNX1-suppressed cells over time (Fig. 3D) . Using this approach, we confirmed that in SNX1-suppressed cells, the rate of enrichment of STxB in the perinuclear area was markedly reduced when compared with control cells.
To quantify these findings further, we also analyzed the degree of colocalization between internalized FITCSTxB and TGN46 (a known TGN marker protein) with a digital analysis approach using MetaMorph software (Fig. 3E ). This method confirmed that, after 30 minutes internalization, accumulation of STxB at the TGN-Golgi complex was markedly reduced in SNX1-suppressed cells (12% ± 1% standard deviation) when compared with control cells (37±0.4%). Importantly, as previously reported (Carlton et al., 2004) , SNX1-suppression did not appear to grossly perturb the integrity of the TGN or the Golgi complex as judged by light microscopy when immunolabeling with anti-giantin or anti-TGN46 antibodies (Fig. 4A,B) . Overall, these data are therefore consistent with a model in which SNX1 is required for the efficient transport of Shiga toxin between the early endosome and the TGN, in a manner where -under conditions of SNX1-suppression -the rate of endosometo-TGN transport of the toxin is markedly reduced. A biochemical analysis confirms the requirement for SNX1 in endosome-to-TGN transport of Shiga toxin As is has been reported that certain toxins might traffic through a compartment without ever being visible due to their high exit rate (Sandvig and van Deurs, 2002) , we sought to confirm our findings by a non-microscopy-based approach. We thus resorted to a well-established, biochemical assay that can also account for the observed cellto-cell variability regarding the amounts of internalized toxin per individual cell. Here, we made use of a modified Shiga toxin B-subunit [B-(Sulf 2 )] that has been genetically engineered to contain a tandem tyrosine sulfation site while maintaining its transport itinerary (Mallard et al., 1998) . Since protein sulfation only occurs in the TGN (Niehrs and Huttner, 1990) , this modified toxin subunit allows the quantification of the kinetics of initial toxin arrival at this organelle. Thus, by providing cells with a source of radioactively labeled sulfate and measuring the incorporation of [
35 S]-sulfate into the modified Shiga toxin B-subunit, the degree of toxin sulfation serves as a direct readout for TGN arrival.
For each assay, we assessed the levels of SNX1 protein in whole-cell lysates after treatment with control and SNX1-specific siRNA by western blotting (Fig. 5A ), confirming successful suppression of protein expression in the entire cell population. Cells from the same batch were subsequently used for sulfation assays, in which the sulfate-starved cells were surface-labeled with the modified toxin subunit B-(Sulf 2 ) at 4°C. After extensive washes, cells were incubated for 20 minutes at 37°C in pre-warmed growth medium containing radiolabeled sulfate and subsequently lyzed. The toxin was immunoprecipitated and the degree of its sulfation was monitored by autoradiography (see Materials and Methods for details). This analysis showed that, compared with control cells, the degree of sulfation was clearly decreased in SNX1-suppressed cells (Fig. 5B, inset) . Quantification of band intensities using densitometry of six independent experiments (each in duplicate) revealed that sulfation of the modified toxin was reduced to 57±24.4% in SNX1-suppressed cells (Fig. 5B ) after normalization for overall protein sulfation (see Materials and Methods). As we noticed that in some instances even comparably high levels of SNX1 suppression did not appear to inhibit STxB Fig. 2 . In SNX1-suppressed cells, retrograde endosome-to-TGN transport of FITC-STxB is markedly perturbed. HeLa cells were treated with either control or SNX1-specific siRNA. After 72 hours, toxin uptake assays using FITX-STxB (green channel) were performed. Cells were fixed at indicated times and immunolabeled for SNX1 (Alexa594, red channel). In cells treated with SNX1-specific siRNA, the immunofluorescence signal was markedly reduced. (A) When cells were fixed without prior incubation at 37°C, the toxin was found to label the plasma membrane to comparable levels in control and SNX1-suppressed conditions. (B) After 30 minutes of internalization, the toxin showed juxtanuclear enrichment in control siRNA-treated cells, but remained associated with more peripheral structures in SNX1-suppressed cells. Even after 60 minutes (C) and 120 minutes (D), only moderate amounts of the toxin had reached the TGN area in SNX1-suppressed cells with most cells still displaying vesicular enrichment of the toxin (asterisks). Bars, 20 m.
sulfation or result in CI-MPR redistribution, we sought to determine to what extent the level of suppression influences the retrograde transport. In an attempt to correlate suppression efficiency with the sulfation state of B-(Sulf 2 ), we plotted the achieved levels of siRNA-mediated suppression of each individual experimental set (x-axis) against the corresponding levels of B-(Sulf 2 ) sulfation (y-axis) (Fig. 5C ). From this analysis we concluded that, only suppression levels of SNX1 greater than 92% resulted in a marked sulfation inhibition (46.3±13.05% for these four sets, each in duplicates) whereas lower levels (<89%) did not lead to a clear reduction in B-(Sulf 2 ) sulfation (Fig. 5C, asterisk) . These data of decreased sulfation under SNX1-suppressed conditions are consistent with a reduced rate of Shiga-toxin-B-subunit delivery to the TGN from early endosomes and, hence, independently confirm the conclusions reached from the immunofluorescence studies. Further still, they point towards a minimal but crucial level of SNX1 to maintain efficient endosome-to-TGN transport.
As part of the biochemical characterization, we also examined the effect of SNX2 suppression on STxB sulfation. SNX2 is a protein that is highly related to SNX1, and our reasoning behind including this sorting nexin stemmed from the ongoing debate surrounding whether or not SNX2 is a functional component of the mammalian retromer complex (see Carlton et al., 2005; Rojas et al., 2007) . Using a previously characterized siRNA (Carlton et al., 2005) , we successfully suppressed SNX2 protein expression, as assessed by western blotting (Fig. 5A ). In the sulfation assays, this reduction of SNX2 resulted in a minor reduction in toxin sulfation (78±26.7%) that was noticeable less compared with the strong effect of SNX1 suppression on B-(Sulf 2 ) sulfation (Fig. 5B,C) . Importantly, when looking at each individual experimental data set, the level of B-(Sulf 2 ) sulfation under SNX2-suppressed Journal of Cell Science 120 (12) conditions always exceeded the sulfation levels obtained for SNX1-suppressed (data not shown). The generally lower suppression levels obtained for SNX2-suppression resulted in a small inhibition in sulfation; however; even suppression greater than 91% did not subsantially inhibit sulfation (Fig.  5C ). We furthermore noticed that SNX2-suppressed cells but not SNX1-suppressed cells proliferated less efficiently; we compensated this by counting and reseeding the cells a day before the assay (see Materials and Methods). As lower cell numbers would make interpretation of the biochemical data problematic, and given that overall protein sulfation was slightly more reduced in SNX2-suppressed cells (Fig. 5D) , we sought to additionally investigate the effect of SNX2-suppression on STxB transport at single-cell level.
Analogous to the results obtained for SNX1, one would interpret the minor decrease in STxB sulfation observed in SNX2-suppressed cells as indicative for reduced toxin arrival at the TGN and, thus, expect a dispersed FITC-STxB pattern in immunofluorescent-toxin-uptake assays. Yet, we found that the localization of internalized FITC-STxB was not markedly altered. In SNX2-suppressed cells, after 30 minutes of internalization, the FITC-STxB showed a clear TGN-like enrichment (Fig. 6A ) that was comparable with the degree of enrichment observed in control cells (Fig. 2A) . This juxtanuclear accumulation of FITC-STxB colocalized well with TGN46 (Fig. 6B) and a detailed colocalization analysis of this data showed that the degree of TGN-enrichment of the toxin was not significantly altered in SNX2-suppressed cells (40±8%), when compared with control cells (37±0.4%) (Fig.  6C) . Furthermore, when we analyzed the kinetics of toxin transport scoring the frequency of the previously characterized two distinct morphologies (Fig. 3A,B) , we could not distinguish between control and SNX2-suppressed samples ( Fig. 7A,B) . From this type of single-cell analysis, which is independent of absolute cell numbers in the sample, we thus conclude that SNX2-suppression does not lead to marked retention of STxB in endosomal structures en route to the TGN.
Concerning retrograde transport of endogenous receptors, a more recent study suggested that SNX1 and SNX2 have essential but interchangeable functions in endosome-to-TGN transport of the CI-MPR . By contrast, we found here that STxB transport to the TGN appeared less reliant upon SNX2 and we thus sought to investigate toxin transport under conditions where both SNXs are jointly suppressed. Under these conditions, one would expect to see at least the phenotype observed in SNX1 depleted cells, as suppression of this sorting nexin produced a striking phenotype in all assays. Indeed, when we analyzed the distribution of FITC-STxB by fluorescent-toxin-uptake assays in jointly suppressed cells, we found that the toxin predominantly displayed a vesicular distribution (Fig. 7A) , which was indistinguishable to the localization observed in SNX1-supressed cells (Fig. 3C) . Importantly, when we analyzed the kinetics of toxin transport scoring the frequency of the previously characterized two distinct morphologies (Fig.  3A,B) , we could not discriminate between the jointly SNX1-and SNX2-suppressed cells, and SNX1-suppressed samples (Fig. 7B) . This finding corroborates a model in which SNX1 suppression, alone or in combination with SNX2, results in the vesicular retention of STxB. Concordantly, in cells in which SNX1 is suppressed, SNX2 appears more dispersed compared with control cells after 30 minutes of FITC-STxB uptake (Fig.  7C ). Further still, SNX1 displays equally compact juxtanuclear enrichment in control and SNX2-suppressed cells (Fig. 6A) . Overall, these data are consistent with the conclusion that SNX1 is required for efficient endosome-to-TGN transport because its suppression leads to a marked reduction of endosome-to-TGN transport of STxB and its retention in an endosomal compartment. SNX2 appears to be less important in promoting the endosome-to-TGN transport step of STxB, at least under these experimental conditions. Although the results from the single-cell analysis for jointly SNX1-and SNX2-suppressed cells were striking, for completeness, we sought to complement these data by a sulfation study. Interpretation of the results was, however, difficult because under these conditions global sulfation was affected.
In contrast to Shiga toxin, suppression of SNX1 does not affect cholera toxin endosome-to-TGN retrograde transport Compared with Shiga toxin, relatively little is known about the endosome-to-TGN transport machinery involved in retrograde traffic of cholera toxin. It is has previously been suggested that both toxins enter the TGN via the same transport intermediates (Nichols et al., 2001 ). Thus, we sought to examine whether SNX1, besides affecting STxB transport, also plays a role in the retrograde transport of cholera toxin. We thus adapted the previously described immunofluorescence toxin-uptake assays to study cholera toxin traffic, employing cholera toxin B subunit coupled to Alexa Fluor-555 (Alexa 555 -CTxB).
When Alexa 555 -CTxB was surface-bound to control and SNX1-suppressed cells, it labeled the plasma membrane to the same extend (Fig. 8A) . However, we noticed that the degree of fluorescence labeling was similarly heterogeneous for both conditions and that not all cells appeared to bind to Alexa 555 -CTxB. After internalization for 15 minutes, Alexa 555 -CTxB showed extensive colocalization with SNX1-positive early endosomes in control cells, and displayed a comparable punctate distribution in SNX1-suppressed HeLa cells (Fig. 8B) . Like in cells treated with FITCSTxB, we noticed a strong accumulation of SNX1 in the perinuclear area in control cells. With time, Alexa 555 -CTxB became progressively enriched in the perinuclear area (Fig. 8C,D) . In stark contrast to the punctuate distribution of FITC-STxB (Fig.  2B,C) the Alexa 555 -CTxB label displayed a juxtanuclear enrichment in the perinuclear area of SNX1-suppressed cells, which was comparable to the distribution of toxin B-subunit in control RNAi- treated cells (Fig. 8C,D) . Importantly, when we analyzed the kinetics of Alexa 555 -CTxB transport from early endosomes to the Golgi complex, as determined from its colocalization with giantin ( Fig. 8E) , the trafficking of Alexa 555 -CTxB was not reduced in SNX1-suppressed cells (27±13%) compared to control cells (13±6%) (Fig. 8F) . Note that the degree of colocalization in SNX2-suppressed cells was similar to the degree measured for SNX1-suppressed and control cells (15±8%). These data therefore suggest that, at single-cell level, neither SNX1 nor SNX2 suppression reduces endosome-to-
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TGN transport of CTxB significantly and that, in contrast to STxB transport, retrograde transport of CTxB is less reliant upon SNX1.
Discussion
In the present study, combining single-cell fluorescenttoxin-uptake assays and well-established biochemical population-based analyses, we have established that RNAi-mediated silencing of SNX1 significantly perturbs retrograde endosome-to-TGN transport of the Shiga toxin B-subunit. We furthermore have shown that, in contrast to SNX1, the closely related SNX2 does not markedly alter the delivery of STxB to the TGN. Our data, together with evidence that RNAi-mediated suppression of the retromer component VPS26 also perturbs retrograde STxB transport (M.V.B. and P.J.C., unpublished data) (Popoff et al., 2007) showed that retrograde early-endosome-to-TGN transport of Shiga toxin occurs, at least in part, via a SNX1-regulated and/or retromer-regulated mechanism.
Perhaps surprisingly, given that Shiga and cholera toxins have been proposed to enter the Golgi complex via the same transport intermediates (Nichols et al., 2001 ) and both depend on syntaxin 5 and syntaxin 16 (Amessou et al., 2007) , we presented evidence, based on fluorescent-toxin-uptake assays, that SNX1-suppression does not significantly reduce endosome-to-TGN transport of cholera toxin B-subunit. As far as we are aware, this is the first description of a molecular entity defining a retrograde pathway that differentially selects between these toxins. The questions how such differential sorting is achieved and whether this requires other components of the cargo-selective retromer subcomplex remain to be addressed.
Our study has also raised the issue of how the retromer complex relates to those other trafficking pathways that exist between the endosome and the TGNGolgi complex. As it is clear that the retromer plays an important role in regulating endosome-to-TGN transport of the CI-MPR (Arighi et al., 2004; Carlton et al., 2004; Seaman, 2004) , at least some components of the retromer transport machinery must be shared between CI-MPR and Shiga toxin trafficking. Indeed, a requirement for clathrin, epsinR and dynamin (Saint-Pol et al., 2004; Lauvrak et al., 2004) as well as lipid rafts (Falguieres et al., 2001; Carroll et al., 2001 ) are common features of both endosome-to-TGN transport of CI-MPR and Shiga toxin transport. Yet, although there is evidence that in order to efficiently transport Shiga toxin from endosomes to the TGN various components of the fusion machinery are required, such as Rab6AЈ (Mallard et al., 2002; Del Nery et al., 2006) , golgin-97 and tGolgin-1 Yoshino et al., 2005) , as well as syntaxin 5 and syntaxin 16 (Mallard et al., 2002; Tai et al., 2004; Amessou et al., 2007) , there is so far no evidence to suggest a link between these components and the retromer sorting machinery. So, future studies are aimed at comparing the required molecular entities in more detail to establish whether these components act on successive steps or whether we are indeed looking at multiple paralleled pathways, as suggested by the incomplete block of transport to the TGN upon suppression of SNX1. (B) The autoradiograph shows a typical result of a sulfation experiment using the B-(Sulf 2 ) construct. The graph summarizes results from six independent sets (each in duplicates) as percent of control. Autoradiographs were quantified by densitometry and normalized to overall levels of protein sulfation. In SNX1-suppressed cells, sulfation was reduced by 43±24.4% compared with control cells, whereas in SNX2-suppressed cells sulfation was reduced by only 22±26.7%; values are given as the mean ± standard deviation (s.d.). (C) Levels of siRNA-mediated suppression as determined by western blotting and quantified by densitometry were plotted against the levels of STxB sulfation (each data point represents mean from duplicates, normalized to global sulfation) for six experimental sets (pink triangles, SNX1 siRNA; blue triangles, SNX2 siRNA). Lower levels of SNX1-suppression (<90%) do not result in reduced sulfation (asterisks). The regions were determined using the lowest suppression level for SNX1 (xaxis) not inducing a reduction in STxB sulfation (100%, y-axis) . (D) Graph shows mean levels (± s.d.) of overall protein sulfation for the different siRNA conditions from at least five different experiments (in duplicates).
The question of how the retromer relates to these other retrograde transport pathways also arises when one considers endosome-to-TGN retrieval of the CI-MPR. Besides the retromer other proteins, including PACS1, in complex with the clathrin adaptors AP1 and GGA3 have been shown to be important in retrieval of the CI-MPR to the TGN (Wan et al., 1998; Meyer et al., 2000; Crump et al., 2001; Scott et al., 2003; Scott et al., 2006) . Furthermore, there is evidence that the Rab9-TIP47 complex regulates retrieval of the CI-MPR from late endosomes back to the Golgi complex (Diaz and Pfeffer, 1998; Carroll et al., 2001; Barbero et al., 2002) . So far, there is no evidence for a direct link between the retromer and any of these other CI-MPR retrieval pathways. Nevertheless, previous EM studies have strongly suggested that SNX1-positive and/or CI-MPR-positive tubular profiles originate from a portion of early-endosomal membrane that does not possess a recognizable electron-dense clathrin coat (Carlton et al., 2004) . Conversely, clathrin and epsinR were both shown to be important for retrograde transport of the CI-MPR (Saint-Pol et al., 2004) . This raises the question whether clathrindependent and retromer-dependent retrograde transport pathways exist as two distinct itineraries from the early endosome, or whether they function within the same pathway but at different stages -in other words -in a processive manner. This model is further supported by the finding that at ultrastructural level, unlike SNX1 (Carlton et al., 2004) , VPS26 also localizes to some extent to the bilayered clathrin coat (Arighi et al., 2004) . Moreover, clathrin and the retromer component VPS26 do not only colocalize on STxB-positive endosomes at EM level but, upon their suppression, STxB appears to be trapped in these distinct endosomal subdomains (Popoff et al., 2007) . These findings underline a model in which clathrin and the retromer act at different stages on the same transport pathway.
Our finding that SNX2 only plays a minor role in STxB retrograde transport, whereas suppression of the two retromer components VPS26 and SNX1 produced major effects, adds to the controversy surrounding the potential role of SNX2 in retromer function. One of the many outstanding questions in mammalian retromer biology relates to the identity of the mammalian analog of yeast Vps17p. Whereas there seems to be no direct homolog in mammals, SNX2 has been argued to function as an equivalent to Vps17p (Haft et al., 2000; Rojas et al., 2007) . Consistent with this, SNX2 can form heterodimers with SNX1 in a manner similar to Vps5p and Vps17p (Haft et al., 1998; Kurten et al., 2001; Seaman and Williams, 2002; Rojas et al., 2007) . Further still, genetic studies in mice have even pointed to a more crucial role of SNX2 over SNX1 during embryonic development (Schwarz et al., 2002; Griffin et al., 2005) , especially in combination with knocked out Vps26 (Griffin et al., 2005) . Conversely, other data suggest that SNX2 does not interact with any other components of the retromer besides SNX1 (Gullapalli et al., 2004) , and only mildly affects the kinetics of endosome-to-TGN delivery of the CI-MPR (Carlton et al., 2005) . So, although it might appear that down-modulation was not efficient enough to reveal this effect, we were unable to establish a critical threshold for SNX2-suppression with regard to B-(Sulf 2 ) sulfation. Even at the lowest examined suppression levels, sulfation never reached levels obtained in control levels. In assays less susceptible to potential effects of SNX2 suppression on the rate of proliferation (that furthermore allowed monitoring of suppression levels of individual cells) the toxin clearly accumulated at the TGN, which argues against a major role of this SNX in endosomal retention of the toxin and is in line with previous findings for the CI-MPR (Carlton et al., 2005; Rojas et al., 2007) . In this context, it should also be noticed that, like suppression of SNX1, SNX2 suppression does not appear to affect retrograde CTxB transport. Interestingly, while preparing this manuscript, Skanland et al. reported that SNX2 but not SNX1 is important in retrograde transport of the plant toxin ricin (Skanland et al., 2007) . Like Shiga and cholera toxins, ricin is an ERtrafficking toxin; but unlike STxB and CI-MPR, its endosome-to-TGN transport does not appear to depend on clathrin or Rab9 (Lombardi et al., 1993; Iversen et al., 2001; Lauvrak et al., 2004; Saint-Pol et al., 2004) . The finding that SNX2 and SNX1 appear to have independent properties with regards to toxin traffic (Skanland et al., 2007) (and this study), but also with respect to receptor sorting (Gullapalli et al., 2004; Gullapalli et al., 2006) , point towards a model in which SNX1 and SNX2 can function independently of each other and, at least for SNX1, independently of Vps26 (Gullapalli et al., 2006) . In support of this model is the result from a recent RNAi loss-of-function screen that identified sorting nexins SNX5 and SNX6 as additional candidates for the retromer complex as their suppression induces a 'retromer-like phenotype' with regard to CI-MPR redistribution (Wassmer et al., 2006) . Further still, the requirement for to suppress SNX1 by more than 92% in order to efficiently inhibit STxB sulfation, presented in this study, suggests the concept of a critical but minimal threshold level of SNX1 to maintain efficient transport towards the TGN. Importantly, SNX5 and SNX6 are crucial for SNX1 protein stability, because their suppression significantly decreased SNX1 protein levels (Wassmer et al., 2006) . Analogously, binding of GFP-SNX5 to tubular membranes appears to crucially depend on SNX1 (Kerr et al., 2006) . By contrast, the regulation of SNX1 and SNX2 protein levels is less striking. In this context, it is to note that we occasionally observed an upregulation of SNX2 in SNX1-suppressed cells, which might explain the weaker effect of SNX2 siRNA for the joint SNX1 and SNX2 suppression -despite the same protocol.
In conclusion, the fact that there is no direct mammalian homolog for yeast Vps17p but that other sorting nexins can induce a SNX1-suppression-like phenotype regarding CI-MPR traffic (Wassmer et al., 2006 ), suggests a model in which the mammalian retromer has evolved to a point where it can modify the composition of its membrane coat to allow different sorting nexins to control its function. Additionally, the SNX composition of the retromer complex might be cell typedependent and, as suggested by the genetic studies (Schwarz et al., 2002; Griffin et al., 2005) , the function of individual proteins, including SNX2, might differ during developmental stages.
Materials and Methods

Antibodies and reagents
Monoclonal anti-SNX1 and anti-SNX2 antibodies were purchased from BD Biosciences. Rabbit polyclonal anti-SNX1 antibody was a kind gift from Matthew Seaman, CIMR, UK. Generation of FITC-labeled Shiga toxin B-subunit (FITCSTxB), the B-(Sulf 2 ) toxin subunit and the monoclonal anti-Shiga toxin antibody 13C4 has been described elsewhere (Johannes et al., 1997; Mallard et al., 1998) . Polyclonal rabbit anti-giantin antibody was from Covance Research, the polyclonal sheep anti-TGN46 antibody was from Serotec. The monoclonal anti-actin antibody (clone AC-74) and the DAPI reagent were obtained from Sigma. All HRP-coupled secondary antibodies, ECL detection kits and films were purchased from GE Healthcare. All other secondary antibodies and Alexa Fluor-555-coupled CTxB (Alexa 555 -CTxB) were obtained from Invitrogen. HeLa cells (CCL-2) were obtained from ATCC-LGC Promochem. All other reagents were obtained from SigmaAldrich or Invitrogen, if not stated otherwise.
RNA interference
The small interfering (siRNA) duplexes were purchased from Dharmacon (control target: AAGACAAGAACCAGAACGCCA; SNX1 target: AAGAACAAGACC -AAGAGCCAC; SNX2 target: AAGUCCAUCAUCUCCAGAACC). HeLa cells were seeded at a density of 0.95ϫ10 5 cells per 35-mm well. On the following day, cells were transfected with 100 nM siRNA duplex using Oligofectamine according to the manufacturer's instructions. After 55 hours, cells were trypsinised and for every transfection condition, several wells containing 120,000 cells per 16-mm well were seeded. After further 13 hours, cells of one well per condition were harvested and lysed to assess the levels of SNX1 protein suppression by western blotting. Suppression efficiency was quantified by densitometry using ImageQuant software (GE Healthcare). The remainder of cells was used for toxin uptake assays and sulfation analyses.
Toxin-uptake assays
Toxin-uptake assays were essentially carried out as previously described (Mallard et al., 1998) . In brief, cells were incubated with 1 M FITC-STxB or Alexa 555 -CTxB for 30 minutes at 4°C, washed three times with PBS to remove any unbound toxin, shifted to 37°C (in full DMEM) for indicated times and subsequently fixed using 4% para-formaldehyde (PFA) at room temperature (RT) or 37°C for 15 minutes.
Indirect immunofluorescence
Fixed cells were permeabilized for 5 minutes at RT using 0.1% Triton X-100 in PBS, and then transferred into PBS containing 1% BSA (1% P-BSA) for 30 minutes at RT to block unspecific binding. Cells were incubated with primary antibodies (see Materials and Methods) in 1% P-BSA for 1 hour. After three washes with 1% P-BSA, cells were incubated with the appropriate secondary antibodies (see Antibodies and reagents) in PBS for 1 hour. Cells were washed washed three times with PBS and then, where applicable, stained with DAPI for 10 minutes. After a Fig. 7 . Quantification of STxB localization in SNX2-suppressed cells and cells that were jointly suppressed for SNX1 and SNX2. (A) The assay was performed as described for Fig. 3 and the localization of FITC-STxB in >600 cells was scored after 30 minutes of toxin uptake, as described for Fig. 3. (B) Representative data set for TGNlike accumulation of FITC-STxB over time (n>600 for each sample; scored for 30, 60 and 120 minutes) for control cells and, SNX2-suppressed cells and cells that were jointly suppressed for SNX1 and SNX2. (C) SNX2 clustering in the perinuclear area is dependent on SNX1. Control and SNX1-suppressed cell were subjected to a FITCSTxB-uptake assay (green channel). The toxin was surface-bound at 4°C and internalized at 37°C for 30 minutes. Fixed cells were immunolabeled with anti-SNX2 antibody (Alexa633, red cannel). Bar, 10 m.
brief rinse with H 2 O, coverslips were mounted onto slides using Mowiol. Slides were analyzed by epifluorescence microscopy using a Leica DM LB2 upright fluorescence microscope or a Leica AOBS SP2 confocal imaging system, taking eight to ten optical slices. Images were merged using Leica software or ImageJ (NIH public domain software) and, where necessary, contrast and brightness for the entire image were adjusted using Adobe Photoshop.
Sulfation analysis
Sulfation analysis was essentially carried out as previously described (Mallard et al., 1998) . Briefly, cells treated with siRNA as described, were starved for 2 hours in sulfate-free medium, before 1 M of the modified B-(Sulf 2 ) toxin subunit (per 120,000 cells) was surface-bound to cells at 4°C. After three washes, toxin uptake assay was performed using medium containing radioactively labeled [ 35 S]Na 2 O 4 (GE Healthcare) for 20 minutes (0.5 mCi/ml). Cells were then lysed in RIPA buffer (1% NP40, 0.5% deoxycholate and 0.5% SDS in 1ϫPBS, supplemented with a protease inhibitor cocktail) and the toxin was immunoprecipitated (IP) using the 13C4 antibody and protein G-sepharose beads (GE Healthcare). Precipitates were subjected to gel electrophoresis and, after drying, gels were analyzed by autoradiography. In parallel, to assess the levels of global sulfation of cellular molecules, the proteins in the IP supernatants were precipitated using 100% trichloroacetic acid and filtrates were analyzed by gamma counting. To normalize the data, values obtained by gamma counting were multiplied with the data obtained by autoradiography and then divided by values obtained for control samples. For each set of experiments and condition, duplicate analyses were performed.
Colocalization analysis
To quantify the toxin distribution in control and SNX-suppressed cells after 30 minutes of FITC-STxB uptake (as described above), cells were additionally immunolabeled with TGN46 or giantin, and imaged under identical conditions using confocal microscopy, taking eight to ten optical slices per visual field. For several visual fields, yielding at least 50 cells per sample, colocalization was analyzed using MetaMorph software (Molecular Devices). Colocalization was determined for every optical section individually for one visual field at a time; from these values, the mean was calculated. The standard deviation (s.d.) gives the deviation between individual visual fields. To quantify colocalization between FITC-STxB and SNX1, the colocalization plug-in in ImageJ (NIH public domain software) was used. Fig. 8 . Retrograde transport of CTxB appears to be unaffected in SNX1-suppressed cells. Control and SNX1-suppressed cell were subjected to a CTxB-toxin-uptake assay using Alexa555-conjugated CTxB (red channel). The toxin was surface-bound at 4°C and then either fixed directly (A) or allowed to internalize at 37°C for the indicated times. Enumeration of vesicles was done using the Colony Counter tool of ImageQuant TL software (GE Healthcare) on individual and colocalization composite images obtained from the ImageJ analysis.
